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The  PEG-coated  Fe3O4 (PEG-Fe3O4) nanoparticles  had  been  fabricated  through  chemical  coprecipitation
method.  We  comprehensively  investigated  the  influence  of  different  reaction  conditions,  such  as  vapor
pressures  with  opening  or  sealing  the beaker,  molecular  weights  and  amounts  of PEG,  on  the  struc-
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tural  and  paramagnetic  properties  of  PEG-Fe3O4 nanoparticles.  The  well-dispersed  magnetic  PEG-Fe3O4

nanoparticles  with  better  size  distribution  can  be obtained  with  adding  4 g  PEG1000  while  sealing  the
beaker.  The  possible  growth  mechanism  was  also  discussed  in  detail.

© 2014  Elsevier  B.V.  All  rights  reserved.
agnetic properties

. Introduction

During last decade, magnetic materials attract lots of inter-
st due to their specific applications, such as drug delivery and
iosensing [1], tissue repair [2], detoxification of biological flu-

ds [3] and magnetic resonance imaging [4,5]. Among magnetic
anoparticles (NPs), the magnetite (Fe3O4) and maghemite (�-
e2O3) are superior to others in the biological application due to
heir advantages, such as biocompatibility, special magnetic prop-
rties and low toxicity [6–10]. However, if the magnetite NPs
re absent of some special bio-treatment before application, they
ight bring poisonous effects on the human body. For example,

nce the iron ions have been implicated in the generation of reac-
ive oxygen species (ROS), they can cause direct damage to DNA,
roteins or lipid molecules [11–14]. Therefore, people usually use
ome surfactants or biocompatible polymer molecules (e.g., sodium
is(2-ethylhexyl) sulfosuccinate, dextran, etc.) to modify the mag-

etite NPs to improve their colloidal stability in physiological
edium and reduce toxicity [15,16]. Thereinto, polyethylene glycol

PEG) is a popular one since their long polymeric chains are highly
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niversity, Siping 136000, China. Tel.: +86 434 3294566; fax: +86 434 3294566.

E-mail address: llyang@jlnu.edu.cn (L. Yang).
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169-4332/© 2014 Elsevier B.V. All rights reserved.
soluble in water and nontoxic in the blood. However, so far, nearly
all the magnetic Fe3O4 nanoparticles modified by PEG (PEG-Fe3O4)
were fabricated by sol–gel [17], colloidal [18], pyrolysis reaction
[19] or hydrothermal method [20], which usually needs strict atmo-
spheric conditions or higher temperature. For instance, Cheng et al.
synthesized well-defined PEG-Fe3O4 NPs under the temperature of
200 ◦C [21]. Hong et al. used stringent reaction condition of Ar atmo-
sphere to synthesize PEG-Fe3O4 NPs [22]. Therefore, the synthesis
of PEG-Fe3O4 NPs with a simple way  is very important to prompt
their application.

In this work, PEG-Fe3O4 NPs were synthesized via a simple
coprecipitation route at 60 ◦C under different external condition,
such as vapor pressures with opening or sealing the beaker, molec-
ular weights of PEG or amounts of PEG, in order to obtain better size
distribution and magnetic property. The corresponding influence
mechanisms were also discussed in detail.

2. Experiments

All chemicals (analytical grade reagents) were directly used
without further purification. All the samples were synthesized at

60 ◦C with a coprecipitation reaction route. For pure Fe3O4 NPs,
the FeCl2·4H2O and FeCl3·6H2O were firstly dissolved in deionized
water with 1:2 molar ratios. The obtained dark orange solution was
stirred for 5 min. Then an aqueous NH3·H2O solution (25%) was

dx.doi.org/10.1016/j.apsusc.2014.03.018
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.03.018&domain=pdf
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Fig. 1. XRD patterns of O-Fe3O4 and S-Fe3O4 NPs.

dded dropwise to the above solution at 60 ◦C. After 40 min  reac-
ion, the color of the solution changed from dark orange to black,
ndicating the formation of Fe3O4 NPs. After cooling to room tem-
erature, the Fe3O4 NPs were separated and purified by magnetic
eparation and washed with deionized water and ethanol several
imes to make them free of any residual salts, and then dried in

 vacuum at 60 ◦C for 24 h. The sample grown in the open beaker
s named O-Fe3O4; the other grown in the sealed beaker is named
-Fe3O4. For the PEG-Fe3O4 NPs, FeCl2·4H2O and FeCl3·6H2O with

 molar ratio of 1:2 were mixed together with 30 mL of deionized
ater. Then the PEG with different molecular weights (PEG400,

EG1000 and PEG2000) was added into it respectively to form a
table orange solution. We  also tried to add different amounts (4 g,

 g, 10 g) of PEG1000 to prepare the Fe3O4 NPs. All the other exper-
mental conditions are identical as that of pure Fe3O4 NPs. The
EG-Fe3O4 NPs grown in the open beaker is named O-PEG-Fe3O4;
he other grown in the sealed beaker is named S-PEG-Fe3O4.

X-ray diffraction (XRD) patterns were recorded by a MAC  Sci-
nce MXP-18 X-ray diffractometer using a Cu target radiation
ource. Scanning electron microscopy (SEM) pictures were col-
ected on a Hitachi, S-570 SEM. Transmission electron micrographs
TEM) and high-resolution TEM (HRTEM) images were taken on
EM-2100 transmission electron microscope. A quantitative com-
ositional analysis was carried out by using an X-ray photoelectron
pectroscopy (XPS) in an ultra-high vacuum chamber at a pres-
ure lower than 1.333 × 10−7 Pa. The magnetic properties of the
amples were measured by a Lake Shore 7407 vibrating sample
agnetometry (VSM).

. Results and discussion

.1. Effects of open or sealed environment

The XRD patterns of the as-grown O-Fe3O4 and S-Fe3O4 NPs
y chemical coprecipitation method are shown in Fig. 1. All the
bserved diffraction peaks can be indexed to Fe3O4 with face-
entered cubic structure according to JCPDS card No. 19-0629 [23],
hich indicates no other impurity phase exists in the samples. We

lso observe in Fig. 1 that, the full width at half maximum (FWHM)
f diffraction peaks for S-Fe3O4 is narrower than that of O-Fe3O4,
ndicating a better crystallinity of S-Fe3O4. The average crystalline

ize has been calculated using the Scherrer equation:

 = 0.89�

 ̌ cos �
(1)
ence 303 (2014) 425–432

where D (in nm)  is the size of the nanocrystal, � is the wavelength
(in nm)  emitted by the X-ray source (� = 0.154178 nm in our exper-
iment), 2� is the angle at which the peak is observed, and  ̌ (in
radian) is the FWHM of the diffraction peaks. According to the
Eq. (1), the calculated average crystalline size of O-Fe3O4 and S-
Fe3O4 is 14.5 nm and 15.2 nm,  respectively. For S-Fe3O4 samples,
the reactions in solution can be described by the following formulas
[24]:

NH3·H2O → NH4
+ + OH− (2)

Fe3+ + 3OH− → Fe(OH)3 (3)

Fe(OH)3 → FeOOH + H2O (4)

Fe2+ + 2OH− → Fe(OH)2 (5)

Fe(OH)2 + 2FeOOH → Fe3O4 + 2H2O (6)

NH3·H2O, which is extensively used in the fabrication of
Fe3O4 NPs, provides the hydroxide ions (OH−) and the ammonia
molecules (NH3) to the solution. Under the open environment, the
NH3 and H2O will unceasingly evaporate from the solution during
the whole growth process. On the other hand, when the beaker is
sealed, all the NH3 and H2O cannot evaporate outside so that the
pressure in the beaker increases. Besides, more OH− will participate
in the growth of Fe3O4 NPs. These two factors result in the faster
growth of S-Fe3O4 than O-Fe3O4 NPs, which finally makes the size
of S-Fe3O4 bigger than O-Fe3O4 NPs [25,26].

Fig. 2a and b displays the typical SEM images of the as-
synthesized O-Fe3O4 and S-Fe3O4 NPs. Through comparison, the
aggregation of O-Fe3O4 NPs is more obvious than S-Fe3O4 NPs.
We further carried out TEM characterization to reveal the detailed
microscopic structure. Fig. 2c and d shows the TEM images of the
as-synthesized O-Fe3O4 and S-Fe3O4 NPs, from which we can also
observe obvious aggregation of O-Fe3O4 NPs. To see the NPs clearly,
the magnified TEM images according to the place marked by the
red box can be find the inset of Fig. 2d. Moreover, the HRTEM
images corresponding to the place marked by the red ring in the
Fig. 2d was  shown in Fig. 2e. The fringe space is 0.294 nm, which is
corresponding to the (2 2 0) plane distance of the standard Fe3O4
with face-centered cubic structure. The corresponding selected
area electron diffraction pattern (SAED) shown in Fig. 2f reveals
that the S-Fe3O4 NPs are polycrystalline [27].

To investigate the magnetic properties of O-Fe3O4 and S-Fe3O4
NPs, their hysteresis loops were measured by VSM at room temper-
ature. Fig. 3 shows their magnetization curves. When the magnetic
field is cycled between −15,000 and 15,000, zero coercivity for
both samples is obtained, which indicates their superparamagnetic
properties [28]. Moreover, the saturation magnetization (Ms) for S-
Fe3O4 and O-Fe3O4 NPs is 44 emu/g and 24 emu/g, respectively. We
would like to point out that the obtained Ms  value for both samples
are lower than the bulk material (92 emu/g) [29]. This reduction of
Ms in magnetite NPs may  be attributed to the surface disorder or
spin canting at the surface of NPs [30]. Moreover, we know that
the size of both samples is almost same, so the difference for the
Ms should be related to their crystal quality [31]. In our case, the
crystalline quality of S-Fe3O4 NPs is higher than that of O-Fe3O4
NPs as XRD results revealed, therefore, the S-Fe3O4 NPs own larger
saturation magnetization.

3.2. Effects of coating PEG

The XRD patterns of pure S-Fe3O4 and S-PEG-Fe3O4 NPs are

quite similar to Fig. 1 so that we did not present them here. Inter-
estingly, the average grain size calculated from XRD patterns is
approximately 15.1 nm and 15.4 nm,  respectively, indicating no sig-
nificant size change has occurred after the PEG coating. To further
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Fig. 2. (a) SEM image of O-Fe3O4 NPs; (b) SEM image of S-Fe3O4 NPs; (c) TEM images of O-Fe3O4 NPs; (d) TEM images of S-Fe3O4 NPs; (e) HRTEM image of S-Fe3O4 NPs
corresponding to the region marked by the red ring in (d) and (f) SAED image of S-Fe3O4 NPs. (For interpretation of the references to color in this figure legend, the reader is
referred  to the web  version of this article.)
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rove it, Fig. 4a and b illustrates the SEM images of S-Fe3O4 and
-PEG-Fe3O4 NPs. Clearly, the grain size of S-PEG-Fe3O4 NPs is sim-

lar with that of S-Fe3O4 NPs. The corresponding TEM images are
hown in Fig. 4c and d. We  can observe that S-PEG-Fe3O4 NPs are
ostly spherical with an average size around 15 nm,  similar to S-

e3O4 NPs. Moreover, we can also see that the S-PEG-Fe3O4 NPs
exhibit better dispersion due to the addition of PEG. As we known,
there are three types of interaction among these NPs: London-Van

der Waals force, magnetic force and repulsive force of the double
electronic layer. The previous two  affinities among the NPs must
be counteracted by the later reacting force to make the NPs exist
stably in the solution. But this kind of repulsive force is very small
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Fig. 3. Magnetic hysteresis loops of O-Fe3O4 and S-Fe3O4 NPs.

15]. Thus, people usually modify some surfactants on the NPs to
ake them absorb one layer of surfactant on the surface to make the
Ps disperse well in the solution. In our case, PEG owns hydrophilic

urfaces, the space hindrance repulsive force can conquer the affini-
ies between Fe3O4 NPs, which results in a better dispersion of
-PEG-Fe3O4 NPs. The corresponding HRTEM image of S-PEG-Fe3O4
Ps is shown in Fig. 4e. We  can clearly see the fringe lines along

wo directions with fringe spaces of 0.254 nm and 0.294 nm,  which
as corresponding to the (3 1 1) and (2 2 0) plane distance of the

pinel structure, respectively [31]. Moreover, it is worth to note
hat we can obviously see an amorphous layer covering the Fe3O4
Ps as marked by red line in Fig. 4e, which indicates PEG layer
ith 0.375 nm in thickness had successfully deposited on the Fe3O4

ores. Furthermore, Fig. 4f shows the corresponding SAED image of
-PEG-Fe3O4 NPs, revealing the sample owns the spinel structure
ith polycrystalline.

To further prove that the PEG has been coated on the Fe3O4 NPs,
e utilize XPS technique to investigate the chemical compositions

nd the bonding states of the sample. Fig. 5a shows the XPS survey
pectra obtained from S-PEG-Fe3O4 and S-Fe3O4 NPs. All peaks can
e ascribed to Fe, C, and O elements as labeled in Fig. 5a, which indi-
ates that no other impurities exist in both samples. Fig. 5b shows
he Fe 2p XPS spectra of S-Fe3O4 and S-PEG-Fe3O4 NPs. The peaks
ocated at 710.3 eV and 723.7 eV are ascribed to the Fe 2p3/2 and Fe
p1/2 core level of Fe3O4 [32]. Usually, the Fe3+ in Fe2O3 exhibits a
hakeup satellite peak around 719.0 eV. In our case, the absence of
his characteristic peak confirms the pure magnetite phase in these
amples [31]. Fig. 5c and d shows the high resolution scans of C1s
ore level of S-Fe3O4 and S-PEG-Fe3O4 NPs. Fig. 5e and f shows the
1s core level lines from S-Fe3O4 and S-PEG-Fe3O4 NPs. For these

pectra, the open circles denote the experimental data, the red solid
ines represent the fitting curves, and the deconvoluted individual
eaks are depicted by green lines. Here we would like to point out
hat all binding energies have been calibrated by taking the carbon
1s peak (285.0 eV) as reference in Fig. 5c. As shown in Fig. 5d, the
econvolutions of the XPS spectra for core level C1s from S-PEG-
e3O4 NPs contain four components, indicating four carbon species
xist in them: the adventitious carbon at 284.3 eV (C1), the carbon
n C C at 284.8 eV (C2), the carbon in C OH at 285.7 eV (C3) and
he carbon in ( CH2O )n at 288.6 eV (C4). According to the molec-
lar formula of PEG displayed in the inset of Fig. 5f, we  believe that
he above C2, C3 and C4 species are originated from PEG, indicat-
ng the PEG is successfully coated on the Fe3O4 NPs. In Fig. 5e, the

econvolutions show the presence of three different O1s peaks in
he S-Fe3O4 NPs. The peak centered at 529.6 eV is associated to the
2− forming oxide with iron (O1). The peak at 531.2 eV is attributed

o the presence of OH bonds (O2) [33]. The peak at 532.8 eV can be
ence 303 (2014) 425–432

ascribed to the specifically chemisorbed oxygen, such as adsorbed
O2 or H2O (O3) [25]. However, for S-PEG-Fe3O4 NPs, except the
above three oxygen species, we  can see another peak located at
533.4 eV, which is related to the C O bonds (O4) [33], indicating
the existence of PEG in the sample and further testifying the results
of C 1s XPS spectra. Moreover, in comparison with Fig. 5e, the loca-
tions of O1, O2 and O3 peaks exhibit more or less change, which is
mainly caused by the PEG coating.

Fig. 6 shows the magnetization curves of S-Fe3O4 and S-PEG-
Fe3O4 NPs. No hysteresis loop is observed for both samples,
indicating a superparamagnetic behavior. In addition, we can also
see that the Ms  decreases from 77 emu/g for S-Fe3O4 NPs to
35.3 emu/g for S-PEG-Fe3O4 NPs due to the PEG coating. It is known
that the change of size and surface state in Fe3O4 NPs will greatly
affect magnetic properties [16]. No significant size change has
occurred due to PEG coating as revealed in the previous sections,
therefore, the changes in the magnetic properties can be attributed
to the surface modifications by PEG polymer molecules.

We further prepare the PEG-Fe3O4 NPs in the open environment
(named O-PEG-Fe3O4). The XRD and VSM spectra of S-PEG-Fe3O4
and O-PEG-Fe3O4 NPs are presented in Fig. 7a and b. Through
comparison, we  find that the grain size of both samples are
all about 15 nm and the Ms  of S-PEG-Fe3O4 NPs is higher than
that of O-PEG-Fe3O4 NPs, which further testifies the results of
Figs. 1 and 3.

3.3. Effects of molecular weights and amounts of PEG

It is known that smaller Fe3O4 NPs have larger specific surface
area, which causes intermolecular aggregation. The above discus-
sion reveals that PEG coating can effectively prompt the dispersion
of Fe3O4 NPs. To obtain the optimized growth condition, we fur-
ther prepare the S-PEG-Fe3O4 NPs with different molecular weights
(400, 1000 and 2000) and with adding different amount of PEG1000
(4 g, 8 g and 10 g). Since the XRD patterns (Fig. 8a) of samples are
all similar with the previous XRD results, we will only discuss the
magnetic properties of S-PEG-Fe3O4 NPs in the following sections.
Fig. 8b presents the magnetization curves for S-PEG400-Fe3O4, S-
PEG1000-Fe3O4 and S-PEG2000-Fe3O4 NPs. No hysteresis loops
are observed for three samples, indicating their superparamag-
netic behaviors. The corresponding Ms  is 72 emu/g, 57 emu/g, and
23 emu/g for S-PEG400-Fe3O4, S-PEG1000-Fe3O4 and S-PEG2000-
Fe3O4 respectively. It was  found that the Ms  decreased with
increasing the molecular weight (400, 1000, 2000) of PEG. As Ren
at al. reported, the polymers with larger molecular weight can
make better conjunction to Fe3O4 NPs, lead to well-enwrapped
large particles, which make the decrease of magnetic property more
remarkable [34].

Fig. 8c shows the XRD patterns of S-PEG1000-Fe3O4-4 g, S-
PEG1000-Fe3O4-8 g and S-PEG1000-Fe3O4-10 g NPs, wherein all of
the XRD peaks can be indexed to the Fe3O4 with face-centered-
cubic phase (JCPDS no.19-0629) [23]. No significant size change has
occurred with adding different amounts of PEG1000 (4 g, 8 g and
10 g). The calculated average crystalline size of S-PEG1000-Fe3O4-
4 g, S-PEG1000-Fe3O4-8 g and S-PEG1000-Fe3O4-10 g NPs is 15 nm
and 15.2 nm,  15.5 nm,  respectively by using the Debye–Scherrer
equation. The VSM curves of obtained powders are presented in
Fig. 8d. Clearly, with increasing the amounts of PEG1000, the Ms
decreases step by step, since usually the more nonmagnetic com-
ponent per gram of a sample, the lower mass content of Fe3O4 NPs
as the mass of the PEG increased [35].
3.4. Effects of stability by coating PEG

Usually, the Fe3O4 is apt to transform to Fe2O3 after certain
time in the air. To see the stability of S-PEG1000-Fe3O4-4 g, we
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Fig. 4. (a) SEM image of S-Fe3O4 NPs; (b) SEM image of S-PEG-Fe3O4 NPs; (c) TEM image of S-Fe3O4 NPs; (d) TEM image of S-PEG-Fe3O4NPs; (e) HRTEM image of S-PEG-Fe3O4

NPs corresponding to the region marked by the red dot ring in (d) and (f) SAED image of the S-PEG-Fe3O4 NPs. (For interpretation of the references to color in this figure
legend,  the reader is referred to the web version of this article.)

r
F
a
F
t
c

edid the measurements of XRD and XPS spectra after 1 month.
or the as grown sample and 1 month sample, we  named them
s A and A-1 respectively. Their XRD patterns are shown in

ig. 9a. We  can see that all the diffraction peaks can be indexed
o Fe3O4 according to JCPDS card No. 19-0629 [23], which indi-
ates that PEG can effectively prevent the Fe3O4 from being
oxidated. Fig. 9b shows their Fe2p XPS spectra. For both sam-
ples, the peaks located at about 710.3 eV and 723.7 eV are ascribed
to the Fe 2p3/2 and Fe 2p1/2 core level of Fe3O4. Moreover, the

absence of shakeup satellite peak confirms that they are Fe3O4,
which illustrated that the Fe3O4 NPs with PEG coating have good
stability.
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Fig. 5. XPS spectrum of S-Fe3O4 NPs and S-PEG-Fe3O4 NPs. (a) XPS survey spectrum; (b) Fe 2p XPS spectrum; (c) C1s XPS spectrum of S-Fe3O4 NPs. (d) C1s XPS spectrum of
S-PEG-Fe3O4 NPs; (e) O1s XPS spectrum of S-Fe3O4 NPs and (f) O1s XPS spectrum of S-PEG-Fe3O4 NPs. The inset is the molecular formula of PEG.

Fig. 6. Magnetic hysteresis loops of the S-Fe3O4 NPs and S-PEG-Fe3O4 NPs.
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Fig. 7. XRD patterns (a) and the magnetic hysteresis loops (b) of O-PEG-Fe3O4 and S-PEG-Fe3O4 NPs.

Fig. 8. XRD patterns (a) and the magnetic hysteresis loops (b) of S-PEG-Fe3O4 NPs with different PEG molecular weight (400, 1000 and 2000); XRD patterns (c) and the
magnetic hysteresis loops (d) of S-PEG1000-Fe3O4 NPs with adding 4 g, 8 g and 10 g PEG1000.

Fig. 9. XRD patterns (a) and Fe 2p XPS spectra (b) of A and A-1 samples.
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. Conclusions

In this work, we successfully synthesized the PEG-Fe3O4 NPs
y a chemical coprecipitation method. The well-dispersed mag-
etic PEG-Fe3O4 NPs with better size distribution can be obtained
ith adding 4 g PEG 1000. This method exhibits great advan-

ages, such as low cost and simple operation process, which
s appropriate to fabricate biocompatible and surface-modified
anoparticles. Therefore, this work may  prompt the tremendous
tility of PEG-Fe3O4 NPs in biomedical fields including biosepara-
ion, drug targeting and diagnostic analysis.
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